The transcription factor Krüppel-like factor 4 (Klf4, formerly gut-enriched Krüppel-like factor, GKLF) is specifically expressed in postproliferative epithelial cells such as those of the gut and the epidermis. The importance of Klf4 in terminal differentiation of keratinocytes has been demonstrated by targeted gene ablation in mice. Klf4-deficient mice fail to establish the barrier function of the skin and die shortly after birth due to dehydration. Based on these findings as well as in vitro studies, Klf4 was characterized as a transcription factor essential for postproliferative differentiation of epithelial cells. However, the testicular Klf4 expression pattern is completely unknown. Here, we demonstrate that Klf4 is developmentally regulated during postnatal testicular development of the mouse. Furthermore, we show strong expression in the postmeiotic germ cells undergoing final differentiation into sperm cells and provide evidence that Klf4 is also expressed in the somatic Sertoli cells. These findings suggest that Klf4 might play an important role in testicular differentiation in mammals. q
Results and discussion
The zinc finger transcription factor Krüppel-like factor 4 is encoded by four exons and autoregulates its own promotor (Mahatan et al., 1999) . The protein is involved in postmitotic differentiation of epithelial cells, and overexpression of Klf4 in cultured cells leads to growth arrest (Shields et al., 1996 , Garrett-Sinha et al., 1996 , Segre et al., 1999 , Panigada et al., 1999 . Mice homozygous for a null allele of Klf4 die shortly after birth due to apparent failure to establish proper skin barrier function (Segre et al., 1999) . Northern blot analysis has shown that Klf4 is expressed in the adult mouse testis (Shields et al., 1996) . However, neither developmental regulation nor cell-specificity of Klf4 expression have been analyzed so far.
The mammalian testis consists of a tubular and an interstitial compartment. The latter contains several somatic cell types including the testosterone-producing Leydig cells. The tubular compartment comprises the germinal epithelium consisting of the somatic Sertoli cells and germ cells of different developmental stages. Germ cell development and production, i.e. spermatogenesis, can be divided into three distinct phases: (I) mitotic proliferation of spermatotogonia; (II) meiosis; and (III) spermiogenesis. Spermiogenesis comprises the postmeiotic differentiation of the haploid male germ cell from a spheric and immotile cell to a higly motile spermatozoon. The first postmeiotic germ cells appear between 17 and 22 days after birth depending on the mouse strain (Nebel et al., 1961 , Kluin et al., 1982 . Sertoli cell proliferation is highest around birth and ceases thereafter. Around day 17 or 18 postpartum, all Sertoli cells are terminally differentiated and mitotically inactive (Vergouwen et al., 1991 (Vergouwen et al., , 1993 .
To obtain first insights into the potential role of Klf4 in testicular development, we performed northern blot analysis of several postnatal developmental stages. Furthermore, we determined the site of Klf4 expression in the testis by northern analysis of RNA isolated from germ cell fractions and by non-radioactive RNA in situ hybridization.
From postnatal day 3 to 18, we detected only a very faint Klf4 mRNA signal (Fig. 1) . From day 18 to 24, there was an approximately 40-fold increase in the abundance of Klf4 message. The strong increase of the steady-state mRNA levels coincided with the appearance of the first postmeiotic germ cells. Therefore we tested RNA isolated from different germ cell fractions by northern blotting. The RNA isolated from the round spermatid fraction showed a strong Klf4 signal, while the RNA fractions isolated from highly enriched pachytene spermatocytes and elongated spermatids exhibited only very faint signals (Fig. 2) . Again, a 16-day-old testis lacking postmeiotic germ cells was almost negative for Klf4. In contrast, adult testes containing all germ cell stages showed strong Klf4 expression. The high abundance of Klf4 message in the round spermatid fraction is consistent with the appearance of strong Klf4 signals in total testicular RNA after postnatal day 18.
To localize the site of expression of Klf4 in the mouse testis, we performed non-radioactive in situ hybridization. While the antisense probe resulted in a strong signal within the seminiferous tubules (Fig. 3A) , the sense probe did not bind to the tissue section (Fig. 3B) . The labeling intensity varied among the different tubules with some tubules with- 2 . Klf4 mRNA is highly enriched in round spermatids. Five micrograms of total RNA from isolated germ cell fractions (pachytene spermatocytes, PS; round spermatids, RS; elongated spermatids, ES) were analyzed by northern blot. The hybridization signals indicate high Klf4 expression in round spermatids. Different amounts of total RNA from adult testis (36 days) and testis lacking postmeiotic germ cells (16 days) were included for comparison. Since cyclophilin was obviously not expressed in later germ cell stages the fluorescence of the 18S RNA band is shown as loading control. Liver RNA was included as a negative control for Klf4 (Shields et al., 1996) . Note that the Klf4 signal of the round spermatid fraction is much stronger than in the other germ cell fractions. Likewise, Klf4 expression in the adult testis is much stronger than in juvenile testis which still lack postmeiotic germ cells. out any stain, indicating stage-specific expression of Klf4 during spermatogenesis. Higher magnification showed that the Klf4 signal was specifc to early postmeiotic germ cells, i.e. round spermatids (Fig. 3C) . Histological analysis revealed highest expression of Klf 4 around spermatogenic stage VII, which is shortly before the release of the elongated spermatids.
The Sertoli cell population gradually differentiates after birth. Around day 18, all Sertoli cells are terminally differentiated and they maintain this status for the lifetime of the animal. The weak Klf4 signal seen before day 20 on the blot shown in Fig. 1 is most likely due to Klf4 gene activity in the somatic Sertoli cells. Indeed, Klf4 transcripts have been detected in a primary Sertoli cell culture (Hamil and Hall, 1996) . Therefore it is very likely that Klf4 is also expressed in Sertoli cells in vivo, although we were not able to visualize Klf4 expression in the Sertoli cells by means of in situ hybridization on tissue sections, due to the low level of expression.
In summary, the testicular expression pattern of Klf4 confirms its postulated role as a factor necessary for postproliferative differentiation of cells. Interestingly, Klf4 is not restricted to postmitotic cells, but is also expressed in postmeiotic germ cells undergoing spermiogenesis. Based on this work and previous findings (Hamil and Hall, 1996) , we hypothesize that the transcription factor Klf4 is a key factor for postnatal development and differentiation of the mouse testis.
Material and methods

Northern blot
Northern analysis was performed as described by Sund et al. (2001) . The entire coding sequence of the mouse Klf4 transcript was cloned into the pCRII vector (Invitrogen). The insert was excised, labeled with [ 32 P]dATP using the rediprime kit (Amersham) and used as probe. Blots were exposed to phosphorimage cassettes and signals quantified using the ImageQuant software (Molecular Dynamics).
In situ hybridization
In situ hybridization was done on cryosections as described by Wilkinson (1992) . Full length transcripts of the open reading frame were transcribed after linearization of the plasmid from the T7 and Sp6 promotor, respectively. Digoxigenin incorporation as well as signal detection were carried out as recommended by Roche Molecular Biochemicals.
